Microglia are highly motile cells that act as the main form of active immune defense in the central nervous system. Attracted by factors released from damaged cells, microglia are recruited towards the damaged or infected site, where they are involved in degenerative and regenerative responses and phagocytotic clearance of cell debris. ATP release from damaged neural tissues has been suggested to mediate the rapid extension of microglial process towards the site of injury. However, the mechanisms of the long-range migration of microglia remain to be clarified. Here, we found that lysosomes in microglia contain abundant ATP and exhibit Ca 2+ -dependent exocytosis in response to various stimuli. By establishing an efficient in vitro chemotaxis assay, we demonstrated that endogenously-released ATP from microglia triggered by local microinjection of ATPγS is critical for the long-range chemotaxis of microglia, a response that was significantly inhibited in microglia treated with an agent inducing lysosome osmodialysis or in cells derived from mice deficient in Rab 27a (ashen mice), a small GTPase required for the trafficking and exocytosis of secretory lysosomes. These results suggest that microglia respond to extracellular ATP by releasing ATP themselves through lysosomal exocytosis, thereby providing a positive feedback mechanism to generate a long-range extracellular signal for attracting distant microglia to migrate towards and accumulate at the site of injury.
Introduction
Microglia are resident immune cells in the central nervous system (CNS). In response to injury or inflammatory stimuli, the resting microglia can be rapidly activated to participate in pathological responses, including migration to the affected site, release of various inflammatory molecules, and clearing of cellular debris [1, 2] . ATP released from damaged neural cells has been considered as the major chemokine for inducing rapid process extension and cell body migration of microglial cells [3] [4] [5] . However, ATP leaking from the local injured cells may not be able to diffuse extensively to effectively induce migration of remote microglia, because extracellular nucleotides are rapidly degraded by ecto-ATPases in the brain [6] [7] [8] . It seems likely that ATP released from injured neural tissue may evoke a regenerative ATPinduced ATP release from surrounding cells to establish the long-range extracellular ATP gradient required for the chemotaxis of remote microglia.
Lysosomes are traditionally considered as simply end organelles in cellular degradation pathways, but recent studies demonstrate their more essential roles in signal transduction pathways, through internalization of receptor-ligand complexes and secretion of signaling molecules [9] [10] [11] [12] . Cells derived from the hemopoietic lineage use the lysosomal compartment as a regulated secretory organelle, defined as secretory lysosomes or lysosome-related organelles [9, 10] . Microglia are resi-dent CNS leukocytes and thus may also use lysosomes to secrete signaling molecules. Indeed, lysosomes in monocytes and microglia may be involved in cytokine release [13] [14] [15] , although the detailed mechanisms have not been explored. Furthermore, lysosomes in astrocytes contain abundant ATP [16] and exhibit Ca 2+ -dependent exocytosis in response to various stimuli [16] [17] [18] . In the present study, we asked whether microglia also release ATP through lysosome exocytosis and whether such a signaling pathway contributes to microglial chemotaxis. To address these questions, we established an in vitro chemotaxis assay using the micropipette ejection method, in a manner similar to that used for neuronal growth cone turning assay described previously [19] . We found that ATP-induced ATP release from microglial lysosomes contributed to the directional migration of remote microglia.
Results

Involvement of endogenously-released ATP in ATPγS-induced microglial chemotaxis
To efficiently and quantifiably analyze microglial chemotaxis, we established a reliable in vitro assay system using the focal micropipette ejection method, in which pulses of solution containing chemoattractant were repetitively pressure-ejected into microglial cultures at a defined frequency and pulse duration to create a microscopic gradient of the chemoattractant around the pipette tip ( Figure 1A and Supplementary information, Movie S1). The concentration of the applied agent at 100 µm from the pipette tip was estimated to be 1 000-fold lower than that in the pipette [19] . In response to pulse application of ATP (1 mM in pipette), microglia showed rapid (within a few minutes) dynamic changes in cell morphology, including extension of processes, formation of a membrane ruffle at the leading edge of the cell, and migration of the cell body toward the pipette tip ( Figure  1A and 1C, Supplementary information, Movie S1). Application of the non-hydrolyzable ATPγS induced similar chemotaxis of surrounding microglial cells in a dosedependent manner ( Figure 1B and 1C, Supplementary information, Movie S2).
The ATPγS-induced microglial chemotaxis was largely prevented in the presence of the P2Y receptor antagonist reactive blue 2 (RB-2, 2 µM) ( Figure 2A and 2C, Supplementary information, Movie S3), consistent with the involvement of P2Y receptors reported previously [4, 20] . Interestingly, when the medium contained apyrase, which hydrolyzes ATP but not ATPγS [7] , the ATPγS-induced migration of microglia, especially those remote (140-250 µm) from the pipette tip, was significantly inhibited ( Figure 2B -2D, Supplementary information, Movie S4), suggesting that ATP released from microglia themselves played a critical role in the ATPγS-induced microglial migration. Consistent with this notion, we found that application of ATPγS through micropipette induced apparent elevation of extracellular ATP, as revealed by the increased NADH fluorescent signal produced by enzyme reaction when ATP is released (Supplementary information, Figure S1 ).
We found that apyrase and RB-2 not only inhibited ATPγS-induced cell morphology change and migration, but also reduced basal cell motility to 73.87% ± 0.03% and 75.28% ± 0.02% of the control, respectively, consistent with the idea that endougeous ATP release from microglia also contributes to the spontaneous cell mobility.
Ca
2+
-dependent lysosomal exocytosis in microglia Lysosomes in astrocytes have been reported to secrete ATP in response to various stimuli [16] . To identify ATPcontaining vesicles in microglia, we loaded the cultures with quinacrine, an ATP marker that is used to locate intracellular stores of ATP [21, 22] . We found that quinacrine accumulated in lysosomes labeled with LysoTracker Red DND-99 (Lysotracker, Figure 3A and 3D), with a fluorescence intensity apparently stronger than that accumulated in mitochondria labeled with MitoTracker Red CM-H 2 XRos (Mitotracker, Figure 3C ). Similarly, mant-ATP (2'-(or-3')-O-(N-methylanthraniloyl) adenosine 5' -triphosphate), a fluorescent nucleotide analogue used for studying ATP stores and nucleotide-binding proteins [16, 23] , also selectively labeled lysosomes in microglia (Figure 3B and 3D) . Furthermore, perfusion with glutamate or potassium cyanide (KCN), an inhibitor of oxidative phosphorylation that is used to induce chemical hypoxia [24] , resulted in apparent mant-ATP release, as indicated by a significant decrease in the fluorescence intensity of the mant-ATP signal ( Figure 3E and 3F). These results indicate that, similar to those in astrocytes [16] , lysosomes in microglia also accumulate ATP and exhibit ATP exocytosis in response to various stimuli.
To further characterize the lysosomal exocytosis in microglia, we incubated cells with fluorescent FM dyes, which selectively label the vesicles exhibiting functional exocytosis through the endocytosis-exocytosis recycling pathway [25] . We found that AM1-43, a fixable FM1-43 analogue that is largely preserved after immunochemical procedures [16, 26] , labeled a population of vesicles that were immunopositive for the lysosomal enzyme cathepsin D and the lysosomal membrane protein LAMP1 ( Figure 4C and 4E). We found that the density of membrane surface immunostaining with LAMP1, an indication of fusion of the lysosomal membrane with the plasma membrane [12, 16] , was significantly increased by treatment with 1 mM ATP ( Figure 5A and 5B). Furthermore, perfusion of 1 mM ATP induced significant destaining of the FM2-10-labeled puncta that was blocked when cultures were loaded with the membrane-permeable Ca 2+ chelator BAPTA-AM (bis-(o-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic acid acetoxymethyl ester) in Ca 2+ -free solution ( Figure 5C ) or treated with P2Y receptor antagonist RB-2 ( Figure 5D ). Thus, ATP induced Ca 2+ -dependent lysosomal exocytosis in microglia. This notion was further supported by the finding that perfusion of ATP dosedependently induced transient intracellular Ca 2+ elevation in cultured microglia ( Figure 6A and 6B), a response that was significantly suppressed in the presence of 2 µM RB-2 ( Figure 6C ). Furthermore, we found that pulse application of ATP through micropipette (1 mM ATP in pipette), which created ATP concentration gradient to induce microglial migration (Figures 1 and 2 ), also evoked repetitive Ca 2+ transients in surrounding microglia ( Figure  6D and 6E). 
Involvement of lysosomal exocytosis in microglial migration
To directly determine whether lysosomes are involved in microglial chemotaxis, we incubated cultures with glycylphenylalanine-2-naphthylamide (GPN), a substrate of the lysosomal exopeptidase cathepsin C that selectively induces lysosome osmodialysis [16, 27] . We found that the cell mobility (data not shown) and ATPγS-induced migration ( Figure 7A ) were reversibly blocked in microglia treated with 100 µM GPN, suggesting a crucial role of lysosomes in microglial migration.
The small GTPase Rab27a plays a critical role in controlling the trafficking and exocytosis of secretory lysosomes or lysosome-related organelles as well as in exosome secretion [28] , including melanosomes in melanocytes, dense granules in platelets, insulin granules in pancreatic β-cells, lytic granules in cytotoxic T lymphocytes, and MHC class II compartments in antigenpresenting cells including macrophages and dendritic cells [9, 10] . We thus further determined whether Rab27a affects microglial migration using the Rab27a mutant mouse (ashen), a model for human Hermansky-Pudlak syndrome characterized by hypopigmentation, prolonged bleeding time and platelet storage pool deficiency [29] . We found that although the 1 mM ATPγS-induced migration rate of microglia cultured from ashen mice was not significantly different from that cultured from wild-type mice ( Figure 7B ), 0.5 mM or 0.1 mM ATPγS-induced migration of microglia, especially those located 120 µm or further from the pipette tip, was significantly inhibited in ashen mice ( Figure 7C and 7D, Supplementary information, Movies S5 and S6). There was no significant difference in cell mobility between untreated wild-type (1.96 ± 0.05 µm/min, n = 61 cells) and ashen (1.95 ± 0.06 µm/ min, n = 59 cells) microglia.
Discussion
ATP is an important signaling molecule that mediates cell-cell interactions in the brain [3-8, 16, 20, 30] . In response to laser-induced brain injury, microglia rapidly extend processes towards the injury site without apparent cell body migration, a response that is mediated by ATP [3, 5] . Since the signal inducing microglial process extension remains functional for more than 30 min, it was suggested that ATP release from injured neural cells may only initiate the early-phase response, whereas a regenerative ATP release in the surrounding neural cells, perhaps astrocytes, may be required to fuel a sustained response [3] . By establishing an in vitro migration assay model, we were able to directly observe and quantify the rapid whole cell migration induced by ATP as well as the dynamic changes in microglial processes. The directional extension of processes and migration of the cell body may share the same signaling mechanism. The absence of injury-induced cell body migration in brain tissue within the limited observation period reported previously [3, 5] may be explained by the tight cell adhesion in intact tissue that may prevent rapid movement of the cell body. Our results provide direct evidence that ATP released from microglia themselves is critical for regeneratively creating ATP so that the local signal can be amplified and propagated to induce migration of remote microglia.
It should be pointed out that, in addition to microglia, other types of neural cells, in particular astrocytes, may also contribute to regenerative ATP signaling in the brain [31] . Our previous study showed that lysosomal exocytosis in astrocytes is responsible for the ATP-mediated Ca wave propagation in cultured astrocytes [16] . The finding that a blocker of connexin channels, which are highly expressed in astrocytes, inhibits the injury-induced directional extension of microglial processes also suggests the involvement of astrocytic signaling in the injury-induced chemotaxis of microglia [3] . However, connexin inhibitors may also have non-specific effects. Whether or not ATP release from astrocytes indeed contributes to the injury-induced chemotaxis of microglia requires further intensive study. In response to various pathological stimuli, microglia are rapidly activated and secrete a variety of substances including cytokines and neurotrophic factors [1, 32, 33] . However, the mechanism of microglial secretion is largely unknown. Using multiple approaches, we demonstrated here that lysosomes in microglia accumulated abundant ATP and exhibited Ca 2+ -dependent exocytosis in response to various stimuli. Interestingly, a similar mechanism of ATP secretion has also been demonstrated in astrocytes [16] . Thus, lysosomal exocytosis may be a general mechanism for ATP release in glial cells, in contrast to that in neurons, where ATP is co-released with other neurotransmitters from synaptic vesicles [34] .
The idea that ATP-induced ATP release from microglial lysosomes contributes to microglial chemotaxis is further supported by the finding that ATP-induced micro- glia migration critically depends on lysosomal function. That is, the cell mobility and directional migration were inhibited in microglia treated with GPN that induced lysosomal osmodialysis. It is unlikely that cell viability was affected by GPN, because the mobility as well as the migration responses largely recovered 20 min after washout of GPN ( Figure 7A) . Furthermore, the migration induced by 0.5 or 0.1 mM ATPγS was dramatically inhibited in Rab27a-deficient microglia ( Figure 7C and  7D) , consistent with the important role of Rab27a in the trafficking and exocytosis of lysosomes [9, 10] . The result that the microglial migration induced by 1 mM ATPγS was not significantly affected in Rab27a-deficient mice ( Figure 7B ) suggest that other subtypes of Rab GTPase, for example Rab27b [28, 35, 36] , may partially compensate for the lysosome deficiency in these mice. Rab27a has been suggested to be associated specifically with secretory lysosomes or lysosome-related organelles in some cells derived from the hematopoietic lineage [9, 10] , from which microglia are also considered to be derived. It should be pointed out that although our data from Rab27a mutant mice are consistent with all the other evidence that we collected for the involvement of lysosomal exocytosis in microglia chemotaxis, the reduced microglia chemotaxis in Rab27a mutant mice may be also caused by other mechanisms, given the reports that Rab27a is involved in the regulated secretion of secretory granules and exosomes [28] . Nevertheless, our results, together with previous findings that lysosomes in monocytes and microglia are involved in cytokine re- + GPN) , and 20 min after washout of 100 µM GPN treatment (recovery). The number above each column refers to the number of cells examined. Note that cells in the whole imaging field, including those 250 µm away from the pipette tip, were included for calculation. ***P < 0.001 compared with control (before GPN treatment) or between the two groups indicated. (B-D) Averaged migration rates of microglia from wild-type (WT) and ashen mice, induced by puffing 1 mM (B), 0.5 mM (C), or 0.1 mM (D) ATPγS. Note the much more decreased migration rate of remote microglia (> 120 µm from the pipette tip) from ashen mice in C and D. The number above each column refers to the number of cells examined. **P < 0.01 and ***P < 0.001 compared with the corresponding WT group.
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npg lease [13] [14] [15] , suggest that lysosomes in microglia may be classified as secretory lysosomes, which may become potential targets for developing therapeutic treatments of neurodegenerative diseases and brain injury.
Materials and Methods
Reagents
Minimum essential medium (MEM), Leibovitz's L-15 medium (L15), fetal bovine serum (FBS), trypsin and quinacrine were from Invitrogen. Adenosine 5′-triphosphate disodium salt (ATP), adenosine 5′-(3-thiotriphosphate) tetralithium salt (ATPγS), GPN, RB-2, apyrase and glutamate were from Sigma. KCN was from Sinopharm Chemical Reagent Co. AM1-43, FM2-10, LysoTracker Red DND-99, LysoTracker Green DND-26, MitoTracker Red CM-H 2 XRos, mant-ATP and Fluo-4 were from Molecular Probes.
Microglial culture
The use and care of animals followed the guidelines of the Shanghai Institutes for Biological Sciences Animal Research Advisory Committee (Shanghai, China). Primary microglial cultures were prepared as reported previously [37] with slight modifications. In brief, cerebral cortex was dissociated from P0-2 SpragueDawley rats, devoid of meninges and blood vessels. Tissue was digested by 0.25% trypsin for 15 min at 37 °C. The digestion was stopped by MEM containing 10% (vol/vol) FBS. After mild mechanical trituration, the isolated cells were plated on 75 cm 2 flasks pre-coated with poly-D-lysine (Sigma). The cultures were maintained at 37 °C in a humidified incubator with 5% CO 2 /95% air, and the medium was changed every 2 days. After 8-12 days of primary cultivation, microglia were separated from other cell types by slight shaking. The supernatant containing microglia was centrifuged at 1 000× g at 4 °C for 5 min. The precipitate was resuspended and seeded on 8 × 8 mm 2 coverslips (about 2 × 10 4 cells each). After a 30-min attachment period, cells were extensively washed with MEM containing 10% FBS and kept for 1-3 days before experiments. The purity of cultured microglia was > 95%, as assessed by immunostaining with the microglia-specific marker anti-CD 11b.
In some experiments, microglial cultures were prepared from Rab27a mutant mice (C3H/HeSn-Rab27a ash /J, ashen mice, Jackson Laboratories). Mutant mice were maintained by breeding homozygous males with heterozygous females. The presence of the ashen Rab27a mutation was confirmed in mutant mice by appropriate reverse transcription polymerase chain reaction (RT-PCR) procedures. Age-matched C3H/HeSn mice were used as background controls.
Chemotaxis assay
Microglial cells from rats or mice on coverslips were placed in a temperature-controlled stage incubator at 33 °C with mineral oil overlaid on the extracellular solution (ECS) to keep the temperature and osmolarity stable. ECS contained 140 mM NaCl, 1 mM KCl, 1 mM CaCl 2 , 10 mM HEPES, 1 mM MgCl 2 , 10 mM D-glucose, pH 7.3. Chemotaxis studies were performed using an Olympus microscope (IX50, Japan) connected to a JVC camera (TK-C1381, JVC, Japan). Repetitive pressure injection of picoliter volumes of solutions containing ATP or ATPγS was applied through a micropipette with a tip opening of ~2 µm. The pressure was applied with an electrically-gated pressure application system (Picosprizer II, Parker Co.). A standard pressure pulse of 3 psi in amplitude and 20 ms in duration was applied to the pipette at a frequency of 2 Hz using a pulse generator (Nihon Kohden, Japan).
Cells were exposed to a chemoattractant gradient generated by slowly releasing ATP or ATPγS from the micropipette tip placed at the center of the imaging field. Cell migration toward the pipette tip was tracked by obtaining serial brightfield images every 2 min for up to 30 min. Acquisition was performed using an Olympus microscope with a ×20 air objective (LCACH, 0.4NA), and images were obtained using Fluoview software (Fluoview5.0, Japan). From these images, the migration paths of individual cells were plotted and the total distance traveled toward the point source of ATP (the micropipette tip) was measured by Image-Pro Plus 5.1 software (Media Cybernetics, Canada). From these data, the oriented migration speed for each cell was calculated.
Fluorescent dye loading and imaging
Quinacrine (5 µM), an ATP-binding protein, was incubated with LysoTracker Red DND-99 (50 nM) or MitoTracker Red (100 nM) for 10 min at 37 °C. Images were acquired on a confocal microscope (Olympus FV500 IX71, Japan) with a ×60 waterimmersion objective (UPLSAPO60XW, 1.2NA) by sequential scanning of the emission lines with excitation at 488 nm for quinacrine, 543 nm for lysotracker or mitotracker and emission at 505-525 nm for quinacrine, and 560 nm for lysotracker or mitotracker. The fluorescence images were collected every 5 s and analyzed using Fluoview 500 software (Olympus). Mant-ATP (50 µM), a fluorescent ATP analogue, was incubated for 5 h followed by further loading with LysoTracker Red DND-99 (50 nM) for 10 min before washing with ECS. Images were taken by confocal microscope (Zeiss LSM510, Germany) using a 40× 0.8NA waterimmersion objective with excitation at 720 nm for mant-ATP, 543 nm for lysotracker and emission at 500-530 nm for mant-ATP, 560 nm for lysotracker. A low laser power (< 0.5%) was used to avoid possible fluorescence bleaching.
For time-lapse imaging of the mant-ATP signal, cells were settled on a live cell imaging system based on a Nikon TE-2000E inverted microscope with a 40× 0.6NA air objective, and including a Hamamatsu infrared CCD. A 1 ms exposure time was selected for each time point to avoid photobleaching. Incubation of cultures with glutamate or KCN at the concentrations used had no cell toxicity as detected by lactate dehydrogenase measurement within 6 min after perfusion (data not shown).
Microglia were loaded with 5 µM FM2-10 or 10 µM AM1-43, a fixable FM1-43 analogue that is largely preserved after immunochemical procedures [16] , in the culture medium for 2 h and 5 µM Fluo 4-AM for 30 min at 37 °C. The microglia were then washed for 20 min in ECS before transfer to the chamber for imaging under a confocal microscope (Olympus FV500IX71, Japan) with a 60× water-immersion objective (UPLSAPO60XW, 1.2NA). The time course of the change in fluorescence intensity was obtained at an image interval of 5 s, with emission > 560 nm and excitation 488 nm for FM2-10 and emission > 500 nm and excitation 488 nm for Fluo 4-AM. The pinhole was set to the maximum value to acquire the whole cell fluorescence. A low laser power (< 0.5%) was used to avoid fluorescence bleaching. The decrease in fluorescence intensity due to photobleaching was < 5% over 10 min. Data 
AM1-43 loading assay
Microglia cultured on coverslips were loaded overnight with 10 µM AM1-43, then washed slightly once with warm phosphatebuffered saline (PBS), fixed for 5 min with freshly-made 4% (w/v) paraformaldehyde (PFA), washed three times without waiting, and permeabilized for 3 min with methanol. The fixed cultures were blocked with 10% bovine serum albumin (BSA, Roche) in PBS for 1 h at room temperature, and then washed three times without waiting. Incubation with primary antibodies diluted to the appropriate concentration in PBS was done overnight at 4 °C. After washing gently with PBS, the cells were incubated with secondary antibody coupled to Cy-5 (1:1 000, Jackson Immuno Research). After washing three times with PBS, the microglia were analyzed by confocal laser scanning microscopy.
Immunocytochemistry
For immunocytochemical experiments, microglia on coverslips were fixed with 4% (w/v) PFA in PBS for 15 min at room temperature, and permeabilized with 0.2% (w/v) Triton X-100 (or methanol for anti-LAMP1 and anti-cathepsin D) for 10 min at room temperature. The fixed cultures were blocked with 10% BSA (Roche) in PBS for 1 h at room temperature. Then the cells were stained with primary antibodies overnight at 4 °C. Cells were washed gently with PBS followed by incubation with secondary antibodies for 1 h at room temperature, and washed with PBS before imaging. The antibodies used for immunostaining were anti-cathepsin D (Santa Cruz), anti-LAMP1 (Stressgen Biotechnologies) and anti-EEA1 (BD Transduction Laboratories).
To estimate the fraction of LAMP-1 expression on the plasma membrane surface over the total cellular LAMP1 level, cells on coverslips were subjected to two rounds of immunostaining. In the first round, immunostaining that recognizes surface expression of LAMP1, living cells were incubated for 30 min with mouse anti-LAMP1 over the ice-cold water [12, 16] . After rinsing in cold PBS, cells were fixed with 4% PFA and incubated with Alexa Fluor 488 goat anti-mouse secondary antibody. In the second round, immunostaining that recognizes both surface and cytoplasmic LAMP1 (total), cells were permeabilized with methanol and stained with mouse anti-LAMP1 conjugated with Alexa Fluor 546 goat anti-mouse secondary antibody. All primary antibodies were used at a 1:500 dilution and secondary antibodies at 1:1 000.
Real-time imaging ATP release
The assay is based on an enzyme reaction driven by two enzymes: hexokinase and glucose-6-phosphate dehydrogenase (G6PD) [38] . In the presence of ATP and glucose, G6PD converts NADP to NADPH, a fluorescence molecule that can be imaged by fluorescence microscopy. The assay mixture contains 2 U/ml hexokinase, 10 mM D-glucose, 2 U/ml G6PD and 2 mM NADP. All components were diluted in ECS. The microscope experiments were performed using a Nikon TE-2000E inverted microscope equipped with a temperature-controlled stage incubator. Based on the fluorescence properties of NADPH, we used a filter set of a 340-nm band-pass exciter with a band width 15 nm and a 445-nm band-pass emitter. Images were acquired by a CCD camera (Cascade 512B, Roper) through an 100× oil objective (Nikon super flour/1.3) with exposure time 700 ms.
Statistical analysis
Data are presented as mean ± s.e.m. Statistical comparisons were assessed with an analysis of variance or Student's t-test. P < 0.05 was taken as significant.
